stimulates apoptosis in adult cardiac myocytes via the involvement of CD44 receptors, mitochondrial death pathway, and endoplasmic reticulum stress. Am J Physiol Heart Circ Physiol 306: H1182-H1191, 2014. First published February 14, 2014; doi:10.1152/ajpheart.00954.2013.-Increased osteopontin (OPN) expression associates with increased myocyte apoptosis and myocardial dysfunction. The objective of this study was to identify the receptor for OPN and get insight into the mechanism by which OPN induces cardiac myocyte apoptosis. Adult rat ventricular myocytes (ARVMs) and transgenic mice expressing OPN in a myocyte-specific manner were used for in vitro and in vivo studies. Treatment with purified OPN (20 nM) protein or adenoviral-mediated OPN expression induced apoptosis in ARVMs. OPN co-immunoprecipitated with CD44 receptors, not with ␤1 or ␤3 integrins. Proximity ligation assay confirmed interaction of OPN with CD44 receptors. Neutralizing anti-CD44 antibodies inhibited OPN-stimulated apoptosis. OPN activated JNKs and increased expression of Bax and levels of cytosolic cytochrome c, suggesting involvement of mitochondrial death pathway. OPN increased endoplasmic reticulum (ER) stress, as evidenced by increased expression of Gadd153 and activation of caspase-12. Inhibition of JNKs using SP600125 or ER stress using salubrinal or caspase-12 inhibitor significantly reduced OPN-stimulated apoptosis. Expression of OPN in adult mouse heart in myocytespecific manner associated with decreased left ventricular function and increased myocyte apoptosis. In the heart, OPN expression increased JNKs and caspase-12 activities, and expression of Bax and Gadd153. Thus, OPN, acting via CD44 receptors, induces apoptosis in myocytes via the involvement of mitochondrial death pathway and ER stress.
HEART FAILURE REPRESENTS A major cause of morbidity and mortality in the Western country. Myocyte apoptosis is recognized as an important determinant of structure and function of the heart (15, 25) . Myocyte apoptosis occurs in the myocardium of patients during heart failure and in animal models of myocardial hypertrophy and failure (11, 15, 56) .
The extracellular matrix (ECM) of the heart is considered to play an important role in left ventricular remodeling. Matricellular proteins, a class of nonstructural ECM proteins, play a significant role in ECM homeostasis and intracellular signaling via their interactions with cell surface receptors, structural proteins, and/or soluble extracellular factors such as growth factors and cytokines (10) . Osteopontin (OPN), also called cytokine Eta-1, is a member of matricellular protein family. OPN has Arg-Gly-Asp (RGD) cell-binding sequence. In cells of noncardiac origin, OPN is suggested to interact with various integrins in RGD-dependent and non-RGD-dependent manner and CD44 receptor (16, 40) .
Heart expresses OPN at low levels under basal conditions. OPN expression increases markedly under a variety of pathophysiological conditions of the heart in animal models (13, 43, 47, 49, 52, 57) and in humans (39, 46, 48, 51) . Myocytes are identified as source of OPN in mice during streptozotocin-induced diabetic cardiomyopathy (47) and in humans during ischemic, idiopathic, and dilated cardiomyopathy (13, 46) . Increased OPN expression associates with increased myocyte apoptosis in different models of heart disease (21, 38, 47) . Cardiac myocyte-specific expression of OPN in the mouse heart during the first 11 wk of life led to increased myocyte apoptosis and myocardial dysfunction (34) . Increased myocyte apoptosis occurs in the myocardium of patients with dilated cardiomyopathy (8) . In patients with dilated cardiomyopathy, increased OPN expression in myocytes negatively correlated with left ventricular (LV) ejection fraction (46) . Furthermore, elevated plasma OPN levels correlated with the severity and risk of subsequent death in patients with chronic heart failure due to dilated or ischemic cardiomyopathy (35) . These studies suggest that increased OPN expression plays a deleterious role, at least in part, by increasing myocyte apoptosis. However, the receptor/s for OPN in cardiac myocytes and molecular mechanisms involved in OPN-stimulated cardiac apoptosis are not yet understood.
Mitochondria are accepted as the key organelles that play a crucial role in determination of cell fate with respect to survival and apoptosis in the heart (2) . Endoplasmic reticulum (ER; sarcoplasmic reticulum in myocytes) stress is suggested to play a role in myocyte apoptosis and pathogenesis of heart failure (14, 28, 29) . The objective of this study was to investigate the role of OPN in the induction of apoptosis and then to identify the receptor/s for OPN in adult cardiac myocytes. To get an insight into the mechanism, we investigated the involvement of mitochondrial death pathway and ER stress in OPN-stimulated cardiac myocyte apoptosis. The data presented here suggest that OPN, acting via CD44 receptors, induces apoptosis in adult rat ventricular myocytes (ARVMs). OPN-stimulated apoptosis occurs via the induction of mitochondrial death pathway and ER stress. Cardiac myocyte-specific expression of OPN in adult mouse heart deteriorated heart function, which associated with increased cardiac myocyte apoptosis, mitochondrial death pathway, and ER stress. Cell isolation, culture, and treatment. Molecular signaling with respect to apoptosis appears to be the same between adult rat and mouse myocytes, e.g., stimulation of ␤-adrenergic receptor (␤-AR) induces apoptosis in isolated adult rat cardiac myocytes (3, (22) (23) (24) and in vivo in mouse cardiac myocytes (19) . ␤ 1-integrins play an anti-apoptotic role in ␤-AR-stimulated apoptosis in vitro in isolated adult rat cardiac myocytes (4, 23) and in vivo in mouse cardiac myocytes (19) . Because the yield of myocytes isolated from rat heart is significantly greater compared with that of the mouse heart, rat heart were used for in vitro experiments. Calcium-tolerant ARVMs were isolated from the hearts of adult male Sprague-Dawley rats (150 -200 g) as described previously (23) . ARVMs were plated in DMEM (Mediatech) supplemented with 25 mM HEPES, 0.2% albumin, 5 mM creatine, 2 mM L-carnitine, 5 mM taurine, and 0.1% penicillinstreptomycin at a density of 30 -50 cells/mm 2 on 100-mm tissue culture dishes or coverslips (Fisher Scientific) precoated with laminin (1 g/cm 2 ). ARVMs, cultured for 24 h, were treated with purified mouse OPN protein (2 or 20 nM; R&D system) for various time points. SP600125 (10 M; Calbiochem), salubrinal (1 M; Calbiochem), z-ATAD-FMK (10 M; SM Biochemicals), neutralizing CD44 (IM7, 5 g/ml; BD Biosciences) antibodies, or control IgG (5 g/ml; BD Biosciences) were added 30 min before OPN treatment. The inhibitors or the antibodies were maintained in the medium during the treatment period with OPN.
MATERIALS AND METHODS

Experimental
OPN transgenic mice. Two mouse lines were used to obtain cardiac myocyte-targeted expression of OPN. In one line, the ␣-myosin heavy-chain (␣-MHC) promoter drives the expression of a tetracycline transactivator (tTA) in myocytes (␣-MHC-tTA; obtained from Dr. Anthony Baker, Veterans Affairs Medical Center, San Francisco, CA). In the second line, the tTA-responsive promoter, tetO, is linked to the OPN transgene (TetO-OPN; obtained from Dr Alain-Pierre Gadeau, University of Bordeaux Victor Segalen, Pessac, France). The ␣-MHC-tTA mice were cross-bred with TetO-OPN mice (34) . Transactivation by tTA is inhibited by doxycycline (Dox; analog of tetracycline), which prevents the tTA binding to DNA (32, 58) . The cross-breeding between ␣-MHC-tTA (MHC) and TetO-OPN mice produced four genotypes: wild-type (WT), ␣-MHC-tTA, TetO-OPN, and dual transgenic (MHC-OPN) mice. Genotyping was performed by PCR using experimental conditions and primers as suggested (34) . The MHC-OPN mice have Dox-repressed expression of OPN in the heart. The MHC-OPN mice were bred and maintained on a diet containing Dox (200 mg/kg, no. S3888; Bio-serve, Frenchtown, NJ). To express OPN in adult heart, Dox was removed from the diet when the mice were ϳ4 mo old.
Echocardiography. Transthoracic two-dimensional M-mode echocardiography was performed using a Toshiba Aplio 80 Imaging System (Tochigi, Japan) equipped with a 12 MHz linear transducer (6, 17) . Mice were anesthetized using a mixture of isoflurane (1.5%) and oxygen (0.5 l/min). The body temperature was maintained at ϳ37°C using a heating pad. Measurements were averaged from nine different readings per mouse. M-mode tracings were used to calculate percent fractional shortening (%FS) (19) . Doppler tracings of mitral and aortic flow were acquired from apical four-chamber view and used to measure heart rate (HR), ejection time (ET), isovolumic relaxation time (IVRT), and isovolumic contraction time (IVCT). All echocardiographic assessments and measurements were initially performed by the same investigator. A second person also performed measurements on a separate occasion using the same recordings with no significant differences in interobserver variability.
Adenovirus infection. Adenoviruses expressing mouse OPN (courtesy of Dr. Toshimitsu Uede, Hokkaido University, Japan) were propagated using HEK-293 cells. The adenoviral titer was determined using the end-point dilution method. ARVMs plated on laminincoated dishes were infected with the adenoviruses expressing OPN or green fluorescent protein (GFP) at multiplicity of infection of 50 -100/cell for 48 h. Cells infected with adenoviruses expressing GFP served as controls.
RT-PCR. Total RNA was isolated as described previously (42) . Total RNA (1 g) was reverse transcribed using SuperScript III RT kit (Invitrogen, Carlsbad, CA). Primer sequences for RT-PCR amplification were as follows: OPN, 5=-GCTTGGCTTATGGACTG-AGG-3= and 5=-GGCTTTGGAACTTGCTTGAC-3=; and GAPDH, 5=-CTCATGACCACAGTCCATGC-3= and 5=-TTCAGCTCTGGG-ATGACCTT-3=. The PCR products were analyzed by 2% agarose gel electrophoresis stained with ethidium bromide.
Apoptosis. To detect apoptosis, TUNEL staining assay was performed on 4 m thick myocardial sections or ARVMs plated on Thermanox coverslips as per manufacturer's instructions (cell death detection assay kit; Roche). To identify apoptosis associated with cardiac myocytes, the sections were immunostained with ␣-sarcomeric actin antibodies (1:50; 5C5 clone; Sigma, St Louis, MO). Hoechst 33258 (10 M; Sigma) staining was used to count the total number of nuclei (18) . TUNELpositive nuclei that were clearly seen within cardiac myocytes were counted. The number of apoptotic cardiac myocyte nuclei in 10 fields was averaged, and the index of apoptosis was calculated as the percentage of apoptotic myocyte nuclei/total number of nuclei. In ARVMs, the percentage of TUNEL-positive cells (relative to total ARVMs) was determined by counting ϳ200 cells in 10 randomly chosen fields per coverslip for each experiment.
Analysis of cytosolic cytochrome c. To prepare cytosolic fraction, cells were washed with PBS, scraped into the lysis buffer containing 250 mM sucrose, 20 mM HEPES, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 17 g/ml PMSF, 8 g/ml aprotinin, and 2 g/ml leupeptin, and homogenized gently using a glass homogenizer. The cell suspensions were centrifuged at 3,500 g for 5 min to pellet nuclei and other cell debris. The supernatants were centrifuged at 14,000 g for 10 min to pellet mitochondrial fraction. The collected supernatants were again centrifuged at 100,000 g for 30 min at 4°C. The supernatants (cytosolic fractions) were examined by Western blots using anti-cytochrome c antibodies (Santa Cruz).
Western blot analysis. ARVMs were lysed in cell lysis buffer containing 10 mM Tris·HCl (pH 7.4), 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 0.2 mM sodium orthovanadate, 0.5% Nonidet P-40, 1% Triton X-100, and 1 mM PMSF. LV lysates were prepared in RIPA buffer containing 158 mM NaCl, 10 mM Tris·HCl (pH 7.2), 1 mM EGTA, 1 mM sodium orthovanadate, 0.1% sodium dodecyl sulphate, 1% Triton X-100, 1% sodium deoxycholate, and 1 mM PMSF. Equal amounts of tissue (50 g) or cell (75 g) lysates were analyzed by Western blots (23) . The primary antibodies used were p-JNK, Gadd153, cytochrome c, Bax, OPN (Santa Cruz), Bcl2 (Cell signaling), and caspase-12 (Sigma). The membranes were stripped and probed for JNKs (Cell signaling) or GAPDH (Santa Cruz) as protein loading controls. Band intensities were quantified using Kodak photodocumentation system (Eastman Kodak).
Co-immunoprecipitation assay. Total cell lysates were prepared in TNT buffer containing 20 mM Tris·HCl (pH 7.5), 137 mM NaCl, 20 mM NaF, 5 mM EDTA, 1 mM PMSF, 10 mM sodium pyrophosphate, 0.2 M sodium orthovanadate, digitonin 0.05%, and 1% Triton X-100, 1 mM PMSF, 8 g/ml aprotinin, and 2 g/ ml leupeptin. Cell lysates (300 g proteins) were incubated with 3 g of anti-CD44 (Santa Cruz), anti-␤1-integrin (Transduction Laboratory), or anti-␤3-integrin (Santa Cruz) antibodies overnight at 4°C. Protein A/G beads (60 l; Thermo Scientific, Rockford, IL) were then added to the mixture and incubated for an additional hour. The beads were washed six times with TNT buffer and resuspended in sample buffer. The samples were separated by 10% SDS-PAGE and transferred to PVDF membranes. The membranes were then probed with anti-OPN (Santa Cruz) antibodies.
Proximity ligation assay. The Duolink mouse/rabbit red starter kit was used to detect the interaction of OPN and CD44 as per manufacturer's instructions (Olink Bioscience, Uppsala, Sweden). After fixing and permeabilization, the cells were incubated overnight with primary antibodies (monoclonal anti-OPN, Santa Cruz; and polyclonal anti-CD44 antibodies; IM7; Abcam). This was followed by a 37°C incubation with the proximity ligation assay (PLA) probe plus and the PLA probe minus against the different species. After a ligation reaction at 37°C of the DNA chains directly coupled to the PLA probes, the cells were mounted and detection of the amplified probe was done using fluorescent microscopy.
Statistical analyses. All data are expressed as means Ϯ SE. Statistical analysis was performed using Student's t-test or one-way ANOVA and a post hoc Tukey's test. Probability (p) values Ͻ0.05 were considered to be significant.
RESULTS
OPN induces apoptosis in ARVMs.
Patients with cardiac dysfunction display increased plasma OPN levels up to 1,145 ng/ml (7, 35, 51) . This amounts to plasma concentration of Fig. 1A ). To confirm the effects of purified OPN on apoptosis, ARVMs were infected with adenoviruses expressing OPN (Ad-OPN) or GFP (Ad-GFP) for 48 h. TUNEL-assay showed that adenoviral-mediated OPN expression, not GFP, also significantly increases the number of apoptotic ARVMs (Fig. 1B) . Western blot analyses showed presence of OPN in the conditioned media (CM) as well as cell lysates (Fig. 1C) 24 h after OPN treatment. Increased expression and secretion of OPN was also observed 48 h after infection of ARVMs with Ad-OPN (Fig. 1D) . OPN interacts with CD44 receptors. In cells of noncardiac origin, various integrins and CD44 are identified as receptor/s for OPN (44) . Cardiac myocytes predominantly express ␤ 1 -integrins (36) . Adult feline cardiac myocytes are suggested to express ␤ 3 -integrins (26) . To investigate the interaction of OPN with its receptor, we first performed co-immunoprecipitation assays. Co-immunprecipitation is considered as a standard method to determine whether two proteins of interest form a complex. For this, cell lysates were immonoprecipitated with anti-CD44 or anti-␤ 1 -integrin or anti-␤ 3 -integrin antibodies. The resultant immunoprecipitates were analyzed by Western blots using anti-OPN antibodies. This analysis showed the presence of OPN in cell lysates immunoprecipitated with anti-CD44 antibodies ( Fig. 2A) , not with anti-␤ 1 -integrin (Fig. 2B) or anti-␤ 3 -integrin (data not shown) antibodies. To confirm interaction of OPN with CD44, we used a recently developed commercial assay (Duolink) called PLA. The PLA identifies interactions between two proteins in their native form. This assay results in a fluorescent signal in the form of a spot when the two proteins of interest are closer than 40 nm. The specificity of the assay was tested using single antibody directed against CD44. In our assay, no spots were observed using the single antibody. However, clear positive signal for the interaction of OPN with CD44 was detected in OPN-treated ARVMs as indicated by bright red fluorescence (Fig. 2C) .
OPN induces apoptosis via the involvement of CD44 receptor. To investigate the involvement of CD44 receptors in OPN-stimulated apoptosis, ARVMs were pretreated with neutralizing CD44 (IM7) antibodies followed by treatment with OPN. IgG pretreated cells in the presence of OPN served as controls. Analysis of apoptosis using TUNEL-assay showed that IM7, not IgG, significantly inhibits OPN-stimulated apoptosis (CTL, 3.25 Ϯ 0.7; OPN, 11.9 Ϯ 1.2*; IM7 ϩ OPN, 4.2 Ϯ 0.8$; IgG ϩ OPN, 8.6 Ϯ 1.3#; *P Ͻ 0.05 vs CTL; $P Ͻ 0.05 vs. OPN; #P Ͻ 0.05 vs IM7 ϩ OPN; Fig. 2D) .
OPN induces mitochondrial death pathway and ER stress. In ARVMs, ␤-adrenergic receptor-stimulated apoptosis is shown to occur via the involvement of mitochondrial death pathway and ER stress (5, 33) . To assess induction of mitochondrial death pathway, we measured activation of JNKs, expression of Bax and Bcl 2 , and levels of cytosolic cytochrome c. For this, ARVMs were treated with OPN for indicated time points. Western blot analysis of cell lysates using phospho-specific antibodies showed that OPN activates JNKs (46 and 54 kDa; Fig. 3A) . OPN treatment increased p-JNKs levels by ϳ1.5-fold compared with CTL. OPN treatment significantly increased Bax expression (ϳ3.2-fold; Fig. 3B ) compared with CTL. However, it had no effect on Bcl 2 protein levels (Fig. 3C) . Bcl 2 /Bax ratio was significantly lower in OPN-treated cells (CTL, 1.95 Ϯ 0.38; OPN, 0.80 Ϯ 0.11*; P Ͻ 0.05 vs. CTL). Cytosolic cytochrome c levels were significantly higher in OPN-treated (ϳ7.9-fold; Fig. 3D ) cells.
Increased Gadd153 expression is considered as a hallmark of ER stress, whereas caspase-12 is considered as the main caspase associated with the ER stress-induced apoptosis (27) . Previously, we have shown that ␤-AR stimulation increases Gadd-153 expression within 3 h (5), whereas increased levels of cytosolic cytochrome c are observed 6 h after ␤-AR stimulation (45) . To investigate whether OPN induces ER stress, ARVMs were treated with OPN for 3 or 6 h. Western blot analyses of cell lysates showed that OPN significantly increases Gadd-153 expression and activates caspase-12 (Fig. 4,  A and B) . Cleavage products of Ͻ45 kDa correspond to active caspase-12.
Inhibition of JNKs inhibits OPN-stimulated apoptosis. To investigate the involvement of JNKs in OPN-stimulated apoptosis, ARVMs were pretreated with SP6001 (SP; 10 M; Fig. 5B ). SAL or z-ATAD alone had no effect on apoptosis.
Increased OPN expression in the adult heart induces LV dysfunction and increases myocyte apoptosis. Increased OPN expression in the heart in a cardiac myocyte-specific manner during the first few weeks of age is shown to associate with increased cardiac myocyte apoptosis and dilated cardiomyopathy (34) . To investigate the effects of OPN in adult heart, doxycycline (Dox) was removed from the diet when mice were ϳ4 mo old. RT-PCR and Western blot analyses confirmed increased OPN expression in the heart 28 days after Dox withdrawal (data not shown). The mortality rate before and 8 wk after the Dox withdrawal was same between the MHC-OPN and littermate controls. One mouse in each group died during the 8 wk of Dox withdrawal.
To measure heart function, echocardiography was performed in MHC-OPN and their littermate controls at baseline (0 wk), 2, 4, and 8 wk after Dox withdrawal. No differences in the echocardiographic parameters were observed among the littermate controls, WT, ␣-MHC-tTA, and TetO-OPN. Therefore, they were pooled as sham. Figure 6A depicts M-mode echocardiography images of sham (0 wk) and MHC-OPN mice (4 wk after Dox withdrawal). M-mode echocardiography showed no significant decline in %FS in sham animals at 2, 4, and 8 wk vs. 0 wk. In MHC-OPN group, no significant decline in %FS was observed at 2 wk after Dox withdrawal vs. 0 wk. However, a significant decrease in %FS was observed at 4 and 8 wk after Dox withdrawal vs. 0 wk (Fig. 6B) . In fact, %FS was significantly lower in MHC-OPN mice at 8 wk after Dox withdrawal vs. at 4 wk after Dox withdrawal. Doppler echocar- diography showed no change in HR, ET, IVRT, and IVCT in sham animals at 0, 4, and 8 wk after Dox withdrawal. In MHC-OPN group, HR and ET also remained unchanged during the observation period. However, a significant decline in IVRT and IVCT was observed at 4 and 8 wk vs. 0 wk ( Table 1) . Analysis of apoptosis using TUNEL-assay revealed increased myocyte apoptosis in OPN-expressing mice compared with sham (% apoptosis; sham, 0.02 Ϯ 0.01; OPN, 0.12 Ϯ .02*; *P Ͻ 0.05 vs. sham; n ϭ 4; Fig. 6C) .
Increased OPN expression in the heart associates with mitochondrial death pathway and ER stress. We next analyzed whether increased OPN expression in the heart in myocytespecific manner induces mitochondrial death pathway and ER stress in the heart. Western blot analyses of LV lysates 4 wk after Dox withdrawal showed little or no phosphorylation of JNKs in the sham group. Phosphorylation of JNKs was significantly higher in MHC-OPN group versus sham (Fig. 7A) . Bax protein levels were significantly higher in MHC-OPN group versus sham (Fig. 7B) . There was no change in BCl 2 protein levels (Fig. 7C) . Bcl 2 /Bax ratio was significantly lower in OPN-treated cells (sham, 0.98 Ϯ 0.07; MHC-OPN, 0.60 Ϯ 0.07*; *P Ͻ 0.05 vs sham; n ϭ 4). Expression of Gadd153 was greater than threefold higher in MHC-OPN group versus sham (Fig. 8A) . The levels of cleavage products of caspase-12, representing caspase-12 activation, were also significantly higher in MHC-OPN group (Fig. 8B) .
DISCUSSION
Increased OPN expression associates with increased myocyte apoptosis in different models of heart disease (21, 38, 47) . Here we provide evidence that 1) OPN induces apoptosis in ARVMs; 2) OPN interacts with CD44 receptors, and CD44 receptor plays an important role in OPN-stimulated apoptosis; 3) OPN activates mitochondrial death pathway as evidenced by activation of JNKs, increased expression of Bax, and increased levels of cytosolic cytochrome c; 4) OPN induces ER stress as evidenced by increased expression of Gadd153 and activation of caspase-12; 5) inhibition of JNKs or alleviation of ER stress inhibits OPN-stimulated apoptosis; 6) cardiac myocyte-specific expression of OPN in the adult mouse heart induces LV dysfunction and increases myocyte apoptosis; and 7) in vivo, increased OPN expression in myocytes associates with the induction of mitochondrial death pathway and ER stress.
In tumor cells, OPN is accepted as an activator of antiapoptotic and pro-survival pathways (1, 53) . Lack of OPN associates with higher apoptosis in tubular epithelium and interstitium during the injury phase of post-ischemic acute renal failure (30) . In contrast, lack of OPN associated with lower chondrocyte apoptosis in a model of rheumatoid arthritis (59) . Hindlimb-unloading led to increased apoptosis in the spleen and thymus of WT, not OPN knockout, mice (55) . In the heart, increased OPN expression associates with increased myocyte apoptosis in different models of heart disease (21, 38, 47) . Cardiac myocyte-specific expression of OPN in the mouse heart during the first 11 wk of life led to increased myocyte apoptosis and myocardial dysfunction (34) . Using isolated adult rat cardiac myocytes, we first provide evidence that OPN induces apoptosis in cardiac myocytes. Treatment with purified OPN induced apoptosis in a concentration-dependent manner. Adenoviral-mediated expression of OPN confirmed OPN-stimulated apoptosis in myocytes. In vascular smooth muscle cells, OPN is shown to induce autophagy (60) . However, treatment of ARVMs with OPN for 24 h failed to increase beclin-1 and cathepsin-D protein levels (data not shown), suggesting that OPN induces apoptosis, not autophagy, in myocytes. In cells of noncardiac origin, OPN is shown to interact with ␣v␤ 1 -, ␣v␤ 3 -, ␣v␤ 5 -, and ␣8␤ 1 -integrins in an RGD-dependent manner. Evidence has been provided for the interaction of OPN with ␣4␤ 1 -and ␣9␤ 1 -integrins in a non-RGD-dependent manner. CD44 is also identified as a receptor for OPN (44, 54) . Cardiac myocytes predominantly express ␤ 1 -integrins (36) . Feline myocytes are suggested to express ␤ 3 -integrins (26) . Most of the effects of OPN are attributed to the interaction of secreted OPN and its receptors on the target cells. However, alternate translation of OPN is shown to generate intracellular isoforms capable of distinct biological activities in dendritic cells (41) . Using co-immunoprecipitation assays, we provide evidence that OPN interacts with CD44 receptors, not with ␤ 1 -or ␤ 3 -integrins, in myocytes. This was confirmed by visualization of a positive signal in OPN-treated samples using PLA. Furthermore, neutralizing anti-CD44 antibodies inhibited OPN-stimulated apoptosis. Collectively, these data suggest that OPN, most likely acting via CD44 receptors, induces apoptosis in myocytes. The observation that neutralization of CD44 receptor inhibits OPN-stimulated apoptosis suggests that OPN, at least in part, acting via a receptor-mediated process induces apoptosis in myocytes. However, involvement of intracellular isoforms of OPN cannot be ruled out.
Mitochondria play a central role in cellular metabolism, energy production, and determination of cell fate with respect to survival and apoptosis (2) . Cardiac mitochondrial dysfunction is suggested to associate with the progression of heart failure. Translocation of Bax to mitochondria and release of cytochrome c (i.e., increased levels of cytosolic cytochrome c) are considered as major events of mitochondrial dysfunction. In cardiac myocytes, ␤-AR-stimulated apoptosis is mediated by JNK-dependent activation of the mitochondrial death pathway (33). Here we observed that OPN activates JNKs, increases Bax expression and levels of cytosolic cytochrome c, and decreases Bcl 2 /Bax ratio. Inhibition of JNKs inhibited OPN-stimulated apoptosis. These observations suggest OPNmediated activation of mitochondrial death pathway.
The ER regulates protein synthesis, protein folding and trafficking, cellular responses to stress, and intracellular Ca ϩϩ levels (31, 37, 50). Alterations in Ca ϩϩ homeostasis and accumulation of misfolded proteins initiate an adaptive response in the cell, termed the unfolded protein response (UPR; ER stress response). As a result, ER localized chaperones are induced, protein synthesis is slowed down and a protein degrading system is initiated. However, prolonged ER stress triggers apoptosis in various cell types (50) . ER stress is suggested to play a role in myocyte apoptosis and pathogenesis of heart failure (14, 28, 29) . Previously, we have shown that ␤-AR (␤-AR) stimulation induces ER stress in ARVMs, and induction of ER stress plays a pro-apoptotic role in ␤-ARstimulated apoptosis (5). Here we provide evidence that OPN induces ER stress in ARVMs. Treatment of ARVMs with purified OPN increased Gadd153 expression and activated caspase-12. Alleviation of ER stress using salubrinal or inhibition of caspase-12 significantly inhibited OPN-stimulated apoptosis. Suggestions have been made that ER stress may act upstream in the induction of mitochondrial death pathway (12) . Activation of p38 kinase and PKC, specifically PKC ⑀ , is suggested to play a role in the induction of ER stress, and ER-mitochondria crosstalk in myocytes (9, 20) . Further investigations are needed to explore the signaling pathway/s, and the cross-talk between ER and mitochondria during OPN-stimulated myocyte apoptosis.
Myocyte-specific expression of OPN in the myocardium of mice during first few weeks of life is shown to associate with premature death. A significant increase in mortality was observed in MHC-OPN mice between the 8th and 15th wk after birth with a half-life of 12 wk (34). In our study, Dox was withdrawn from the diet when mice were ϳ4 mo old. We did not observe any change in the mortality rates between MHC-OPN and control mice with or without DOX. However, similar to the studies of Renault et al. (34) , OPN expression in myocyte-specific manner in adult heart associated with increased myocyte apoptosis and myocardial dysfunction. Myocyte-specific expression of OPN associated with mitochondrial death pathway as evidenced by activation of JNKs, increased Bax expression, and decreased Bcl 2 /Bax ratio. It also induced ER stress as evidenced by increased expression of Gadd153 and activation of caspase-12.
The data presented here are of clinical significance since OPN expression increases markedly under a variety of pathophysiological conditions of the heart in animal models (13, 43, 47, 49, 52, 57) and in humans (39, 46, 48, 51) . Myocytes are identified as source of OPN in mice (47) and in humans during various pathologies of the heart (13, 46) . Furthermore, elevated plasma OPN levels correlated with the severity and risk of subsequent death due to dilated or ischemic cardiomyopathy (35) . Here we show that OPN, most likely acting via CD44 receptors, induces apoptosis in adult cardiac myocytes. OPNmediated apoptosis occurs via the involvement of mitochondrial death pathway and ER stress. Future studies directed toward understanding the signaling pathways from CD44 receptors to the initiation of mitochondrial death pathway and ER stress may help uncover novel strategies for the treatment of myocardial dysfunction.
